The relative contributions of antibody-induced complement-mediated bacterial lysis and antibody/complement-mediated phagocytosis to host immunity against meningococcal infections are currently unclear. Further, the in vivo effector functions of antibodies may vary depending on their specificity and Fc heavy-chain isotype. In this study, a mouse immunoglobulin G2a (mIgG2a) monoclonal antibody (MN12H2) to meningococcal outer membrane protein PorA (P1.16), its human IgG subclass derivatives (hIgG1 to hIgG4), and an mIgG2a monoclonal antibody (Nmb735) to serogroup B capsular polysaccharide (B-PS) were evaluated for passive protection against meningococcal serogroup B strain 44/76-SL (B:15:P1.7,16) in an infant rat infection model.
Meningitis and septicemia caused by Neisseria meningitidis (meningococcus) continue to cause morbidity and mortality worldwide. The important role of specific antibody and an intact complement system for protection against this pathogen is highlighted by the peak incidence of meningococcal infections in young children devoid of specific antibody (7) , the inverse relation between the age-related decrease in the incidence of disease with the acquisition of serum bactericidal activity (BA) (7) , and the increased frequency of systemic neisserial infections among persons with deficiencies in C3, alternative pathway, and especially late complement pathway components (C5 to C9) (4). Thus, BA, i.e., the ability of specific antibody to lyse bacterial cells in vitro in the presence of intact complement, has been considered crucial for evaluation of protection against meningococcal disease. Immunoglobulin G (IgG) antibodies to the outer membrane protein PorA, a major component of serogroup B outer membrane vesicle vaccines (5, 16) and an important antigen for meningococcal typing (1, 20) , are frequently bactericidal and confer protection in an animal model of meningococcal infection (15, 18, 22) . Good correlation between BA and protective activity in an infant rat model has been reported for mouse anti-PorA monoclonal antibodies (MAbs) (26) . The protective activity of anti-PorA MAbs of human origin has not been measured in animal models of meningococcal infection. On the other hand, it has been recently shown that natural human antibodies to serogroup C capsular polysaccharide and serogroup B capsular polysaccharide (B-PS) can confer protection in vivo even in the absence of BA in vitro (27, 30) .
Besides BA, several reports suggest that opsonophagocytic activity (OA) also is an important defense mechanism against meningococcal infections, especially those caused by serogroup B organisms (17, 19, 23) . While BA is dependent on antibodymediated deposition of the membrane attack complex on bacterial membranes through the activation of the whole complement cascade (C1 to C9), IgG-mediated phagocytosis is not. IgG-mediated phagocytosis is, however, amplified by complement activation but requires only deposition of opsonically active C3 split products (C3b and iC3b) on the bacterial surface. IgG and deposited C3 fragments can therefore function in concert as opsonins, targeting the invading pathogen for ingestion and killing by professional phagocytes through binding to Fc␥ receptor (Fc␥R) and complement receptor. Increased OA has been shown in human sera taken at convalescence and after vaccination with serogroup B outer membrane vesicle vaccine (8, 9, 14, 24) . These opsonic antibodies are directed to a variety of meningococcal surface antigens (13, 14) , including the PorA protein. The relative importance of OA and BA for protection in vivo, however, has been difficult to define.
To study the in vitro effector functions of anti-PorA antibodies in more detail, a panel of mouse-human chimeric MAbs of all the four human IgG subclasses (hIgG1 to hIgG4) with identical variable (V) genes against the P1.16 epitope on PorA protein were generated from mouse IgG2a (mIgG2a) MAb MN12H2 (10) and characterized for their effector functions in vitro (29) . While isotypes hIgG1 to hIgG3 mediated efficient bacterial lysis (relative activity, hIgG1 ϭ hIgG3 Ͼ hIgG2) and phagocytosis (relative activity, hIgG3 Ͼ hIgG1 Ͼ Ͼ hIgG2), hIgG4 had undetectable activity in these assays. How these differences in functional activities in vitro are reflected in protection in vivo is not known.
In this study, the parental P1.16 PorA-specific mIgG2a MAb MN12H2 (10), the hIgG1 to hIgG4 isotypes derived from it (29) , and the B-PS-specific mIgG2a MAb Nmb735 (6) were assessed for protective activity in an infant rat infection model (21, 26) . We had two major objectives: first, to assess the influence of antibody isotype on protection by comparing the protective activities of the P1.16 PorA-specific hIgG1 to hIgG4 isotypes in complement sufficient animals, and second, to assess the importance of complement-mediated bacterial lysis for protection in vivo. This was done by comparing the protective activities of the B-PS specific mIgG2a antibody and the PorAspecific mIgG2a and hIgG1 antibodies in complement-sufficient and C6-deficient animals (12) 
MATERIALS AND METHODS
Monoclonal antibodies. The production and in vitro characteristics of the mouse-human chimeric P1.16 PorA-specific hIgG1 to hIgG4 antibodies have been described elsewhere (29) . On a weight basis, all isotypes showed equal binding to Alexa488-labeled H44/76 cells as detected by fluorescence-activated cell sorting after incubation with phycoerythrin-labeled rabbit anti-human -chain antibodies (Southern Biotechnology Associates, Birmingham, AL). The parental P1.16-specific mIgG2a antibody MN12H2 (10) was a gift from B. Kuipers (NVI, Bilthoven, The Netherlands), and the B-PS-specific mIgG2a antibody Nmb735 (formerly MAb 735) (6) was from H.-P. Harthus (Dade Behring, Marburg, Germany).
Bacterial strain and growth conditions. The 44/76-SL (B:15:P1.7,16:L3,7) meningococcal strain has been described previously (5) . For passive-protection studies, the strain was rat passaged three times and stored in skim milk at Ϫ70°C. The resulting strain expressed the L3,7 immunotype as determined by colony blotting with L3,7,9 (4A8-B2) (28)-and L8 (MN43F8.10)-specific monoclonal antibodies (both received from B. Kuipers, NVI). The inoculum for rat protection and BA assays was prepared from brain heart infusion broth (Difco)-grown, early-log-phase rat-passaged 44/76-SL bacteria as previously described (25) . The number of viable bacteria in the challenge dose was determined by counting the CFU after serial 10-fold dilution of the suspension in phosphate-buffered saline and plating onto supplemented proteose-peptone agar plates.
Bactericidal activity assay. The BA of antibodies was determined in sterile 96-well flat-bottomed microtiter plates (Nunclon, Roskilde, Denmark). Normal human serum or pooled serum from 5-to 6-day-old HsdBrlHan:WIST rat pups (all MAbs) or PVG/OlaHsd rat pups (PorA-specific mIgG2a and hIgG1 MAbs) was used as the exogenous complement source. The complement sources did not show significant killing alone (Ͻ5% reduction in CFU after 60 min of incubation) at the final concentration of 20% used. The reaction mixture had a final volume of 50 l. Hanks' balanced salt solution containing 0.9 mM Mg 2ϩ , 1.4 mM Ca 2ϩ , and 0.1% bovine serum albumin (Sigma), pH 7.2, was the dilution buffer. A mixture containing antibodies in appropriate concentrations (25 l), bacteria (15 l, containing approximately 100 CFU), and complement serum (10 l) was incubated in duplicate wells at 37°C on a rotatory shaker at 220 rpm for 60 min. Control wells contained (i) bacteria with buffer, (ii) bacteria with buffer and complement, and (iii) bacteria with buffer and MAb. After incubation, the reaction was stopped by placing the plates on ice, and 25-l samples taken from each well were allowed to run down in ϳ8-cm lanes on supplemented GC (Difco) agar plates. After incubation overnight at 37°C in 5% CO 2 , the colonies were counted, and the results were expressed as the lowest antibody concentration giving 90% killing of the inoculum at 60 min compared to the number of CFU at time zero.
Experimental animals. Outbred HsdBrlHan:WIST and inbred PVG/OlaHsd (designated PVG/c ϩ ) rats with normal complement activity were obtained from Harlan Nederland (Horst, The Netherlands). Complement component C6-deficient PVG rats (designated PVG/c Ϫ ) (12) were received from M. R. Daha (Department of Nephrology, Leiden University Medical Center, Leiden, The Netherlands). The lack of lytic activity in PVG/c Ϫ rats was confirmed with a total hemolytic complement activity assay in agarose plates (11) .
Infant rat protection assay and definition of protection. The passive-protection experiments were done as described previously (25) . In brief, 5-to 7-day-old infant rats (n ϭ 5 or 6/group) were injected intraperitoneally with antibodies (0.1 ml/pup), diluted in saline, 1 to 2 h before the intraperitoneal bacterial challenge with approximately 10 6 CFU/pup in a final volume of 0.1 ml. Saline was used as a negative control for protection. Development of bacteremia was assessed by culturing blood samples taken 6 h after challenge. The limit of detection for blood cultures was 1 ϫ 10 3 CFU/ml. Animals with sterile cultures were assigned a value of 0.3ϫ the detection limit, i.e., 3 ϫ 10 2 CFU/ml blood. Protection was defined as a statistically significant (P Ͻ 0.05) reduction in geometric mean (GM) blood bacterial density compared to control animals treated with saline. All experimental protocols were reviewed by the Institutional Laboratory Animal Committee and approved by the Provincial Board of Southern Finland.
Statistical methods. The log-transformed blood culture data were subjected to one-way analysis of variance (ANOVA) (SPSS Inc., Chicago, Illinois), followed by appropriate post hoc tests (least significant difference [LSD]) if indicated. Statistical significance between BAs obtained with rat and human complement was analyzed with a paired-sample t test, using untransformed data. For all comparisons, a P value of Ͻ0.05 was considered significant.
RESULTS
Bactericidal activity. The species of the complement source used in BA assays is known to affect the results greatly (34) . Thus, the BAs of the MAbs were first reassessed using infant rat serum collected from 5-to 6-day-old HsdBrlHan:WIST rats or human serum as the exogenous complement source ( Table 1) . The results were similar to those obtained previously using human complement (29) . Thus, B-PS-specific mouse MAb Nmb735 (not determined previously) and the parental PorA-specific mouse MAb MN12H2 (both IgG2a isotypes) were the most potent antibodies in this assay, followed by human PorA-specific IgG isotypes in the order of activity of hIgG1 ϭ hIgG3 Ͼ hIgG2. The hIgG4 isotype failed to show any BA at the concentrations of up to 20 g/ml tested (Table  1) . Approximately threefold-higher antibody concentrations were needed for similar BAs (Ն90% killing of the inoculum) when human complement was used, compared to rat, but this difference did not reach statistical significance (P ϭ 0.06, paired one-sided t test).
Effect of C6 deficiency on disease outcome in the infant rats. Next, the protective activities of MAbs were assessed in an infant rat model of meningococcal infection. In these studies, one outbred rat strain (HsdBrlHan:WIST) and two syngeneic inbred rat strains, the complement-sufficient (PVG/c ϩ ) and the C6-deficient (PVG/c Ϫ ) PVG strains, were used. As the effect of C6 deficiency on the outcome of infection in nonimmune infant rats was not known, in preliminary studies several challenge doses (10 4 to 10 6 CFU/pup) of strain 44/ 76-SL were tested and the development of bacteremia (GM CFU per milliliter of blood) in PVG/c Ϫ rats compared to that in complement-sufficient HsdBrlHan:WIST rats. No significant differences between rat strains were found (Fig. 1) . On the basis of these results, a dose of approximately 10 6 CFU/pup, resulting in a GM blood bacterial density of approximately 10 6 CFU/ml at 6 h postinfection, was chosen for protection studies with all rat strains.
Effect of antibody isotype on protection. To asses the influence of antibody isotype on protection, the protective activities of PorA-specific hIgG1 to hIgG4 isotypes in complement-sufficient HsdBrlHan:WIST rats were assessed (Fig. 2) . The results resembled those obtained in the BA assay. Thus, hIgG1 and hIgG3 exhibited similar protective activities, while a fourfold-higher antibody dose (2 versus 0.5 g/pup) of hIgG2 was needed for equal protective activity (Fig. 2) . The nonbactericidal hIgG4 failed to show significant protective activity at the antibody doses of up to 20 g/pup tested (Fig. 2) .
Importance of complement-mediated bacterial lysis for protection. To assess the importance of antibody-induced complement-mediated bacterial lysis for protection, the B-PS-specific mIgG2a antibody Nmb735, the parental PorA-specific mIgG2a MN12H2, and the hIgG1 isotype derived from it were tested for protective activity in complement-sufficient (PVG/c ϩ ) and C6-deficient (PVG/c Ϫ ) PVG rats of otherwise syngeneic background. For comparison, data obtained with the HsdBrlHan: WIST rat strain are included.
The B-PS-specific MAb Nmb735 was equally protective in all rat strains, with the lowest tested dose of 0.02 g/pup conferring protection compared to control animals receiving saline (Fig. 3a) . This was in contrast to PorA-specific MAb MN12H2, of which a 10-fold-higher antibody dose (5 versus 0.5 g/pup) was needed for protection in the C6-deficient PVG/c Ϫ rats compared to complement-sufficient PVG/c ϩ or HsdBrlHan:WIST rats (Fig. 3b) . The PorA-specific hIgG1 isotype failed to show any protective activity in PVG/c Ϫ rats at the doses up to 20 g/pup tested (Fig. 3c) . Similar results were obtained with the hIgG2 to hIgG4 isotypes (data not shown).
With Nmb735 and MN12H2, no significant differences in protective activity between the two complement sufficient rat strains were detected ( Fig. 3a and b) . This was in contrast to the hIgG1 isotype, of which a 10-fold-higher antibody dose (5 (Fig. 3c) .
To study the possibility that rat strain-specific differences in complement activity might explain the lower protective activity of the hIgG1 isotype in PVG/c ϩ compared to HsdBrlHan: WIST rats, the in vitro BAs of the parental PorA-specific MAb MN12H2 and the hIgG1 isotype were reassessed using pooled sera from the rat strains as the exogenous complement source. No significant differences were detected between sera from the different strains (Fig. 4) . As expected, the C6-deficient serum from PVG/c Ϫ rats failed to show any bactericidal activity up to 80% concentration (data not shown).
DISCUSSION
While there is evidence supporting the importance of both antibody-induced BA (4, 7) and OA (9, 19, 24) for protection against serogroup B meningococcal disease, their relative contributions to protective immunity have been difficult to delineate. The effector functions of antibodies may also vary depending on their specificity and Fc heavy-chain isotype. In this study, we addressed these questions by assessing the protective activity of PorA-specific and B-PS-specific mIgG2a antibodies in complement-sufficient and C6-deficient infant rats. Human IgG1 to IgG4 isotypes with identical V genes against the P1.16 epitope on the PorA outer membrane protein of N. meningitidis (29) were used to asses the influence of antibody isotype on protection. Our results showed that while the parental PorA-specific mIgG2a MAb MN12H2 and the human IgG1 to IgG3 isotypes derived from it efficiently enhanced bactericidal activity in vitro and augmented bacterial clearance in vivo in complement-sufficient rats, the augmentation of bacterial clearance by mIgG2a and hIgG1 antibodies was impaired in C6-defi- cient animals. This was in contrast to a bactericidal, B-PS-specific mIgG2a MAb, Nmb735, which conferred similar protective activity in complement-sufficient and C6-deficient animals. Similar to the case in our previous studies (25, 26) with an outbred HsdCpb:WU rat strain, the B-PS-specific mouse MAb Nmb735 and the parental PorA-specific mouse MAb MN12H2 efficiently induced BA in vitro and augmented bacterial clearance in vivo in both complement-sufficient HsdBrlHan:WIST and PVG/c ϩ rat strains. This was in contrast to the PorAspecific hIgG1 isotype, of which a 10-fold-higher antibody dose (5.0 versus 0.5 g/pup) was needed for protection in PVG/c ϩ compared to HsdBrlHan:WIST animals. As no rat strain-specific differences in the BAs in vitro were detected, the reason for the lower protective activity of this MAb in PVG/c ϩ animals remains to be fully evaluated. At least two possibilities exist to explain this difference between the BA in vitro and protection in vivo. First, the sensitivity of the BA assay (using 20% infant rat serum an as exogenous complement source) may not have been satisfactory to detect rat strain-specific differences in complement activity. Second, there may be strain-specific differences in the ability of rat phagocyte Fc␥R to bind antibody of human origin.
We found the relative protective activities of the PorAspecific MAbs to be mIgG2a ϭ hIgG1 ϭ hIgG3 Ͼ hIgG2 (hIgG4 had undetectable activity) in complement-sufficient HsdBrlHan:WIST rats and mIgG2a Ͼ hIgG1 in PVG/c ϩ rats. These results were consistent with the in vitro BA data in the presence of human complement (reference 29 and this study) or infant rat complement (this study), but the complete lack of protection by the hIgG1 isotype in C6-deficient PVG/c Ϫ rats was somewhat at variance with the previous phagocytic activity data (29) obtained using human polymorphonuclear leukocytes as the effector cells and 44/76-SL bacteria as the target. A 10-fold-higher antibody dose of the parental mouse mIgG2a MAb MN12H2 was needed for protection in the C6-deficient PVG/c Ϫ rat strain than in the isogenic complement-sufficient PVG/c ϩ rat strain. Possibly, an antibody dose higher than the 20 g/pup tested would also have been needed for the hIgG1 isotype to confer protection in the PVG/c Ϫ rat strain. In contrast to the results with PorA-specific mIgG2a and hIgG1 MAbs, but similar to our previous studies with polyclonal, nonbactericidal B-PS-specific IgM antibodies of human origin (27) , the B-PS-specific mIgG2a was equally protective in complement-sufficient and C6-deficient animals. These findings emphasize the importance of capsular polysaccharidespecific antibodies over subcapsular ones for protection in late complement component-deficient individuals (2) . Why antibodies to capsular compared to subcapsular antigen were more efficient in conferring protection in C6-deficient animals (this study) and also opsonophagocytosis in vitro (2) is not clear but has been suggested to arise from to the more exposed nature of the polysaccharide capsule and anticapsular antibodies and/or C3 fragments deposited by it on the bacterial surface (2, 3), where they are readily recognized by phagocytic cell FcRs and/or complement receptors. Despite the apparent dominance of anti-PorA antibody-mediated protection through complementmediated bacterial lysis, this does not seem to be a common feature of all subcapsular meningococcal antigens. It has recently been demonstrated that despite the absence of BA in vitro, antibodies to other subcapsular antigens, such as transferrin binding protein A (33), genome-derived neisserial antigen 2132 (31) , and genome-derived neisserial antigen 1870 (32) , are able to confer protection in animal models of meningococcal infection. For the last two antigens, antibody-induced deposition of C3 fragments (C3b and iC3b) on the bacterial surface predicted well their ability to confer protection in vivo (31, 32) , suggesting that OA was responsible for bacterial clearance.
To conclude, we have shown that while B-PS-specific antibody can confer protection in the infant rat without membrane attack complex formation, the protection afforded by PorA antibody is more dependent on the activation of the whole complement pathway and subsequent bacterial lysis. The relevance of these findings to protection in humans, and thus the validity of the infant rat model to assess the protective activity of antibodies of human origin in general, remain open until the rat homologs of human FcRs and their ligand specificities have been fully characterized. Further, taking into consideration the importance of complement system for innate and specific immunity against meningococcal disease, a careful comparison of the rat and human complement systems would be needed to assess the validity of this infection model in general.
